Genetic influences on the predisposition to complex behavioral or physiological traits can reflect genetic polymorphisms that lead to altered gene product function, and/or variations in gene expression levels. We have explored quantitative variations in an animal's alcohol consumption, using a genetical genomic/ phenomic approach. In our studies, gene expression is correlated with amount of alcohol consumed, and genomic regions that regulate the alcohol consumption behavior and the quantitative levels of gene expression (behavioral and expression quantitative trait loci [QTL]) are determined and used as a filter to identify candidate genes predisposing the behavior. We determined QTLs for alcohol consumption using the LXS panel of recombinant inbred mice. We then identified genes that were: 1) differentially expressed between five high and five low alcohol-consuming lines or strains of mice; and 2) were physically located in, or had an expression QTL (eQTL) within the alcohol consumption QTLs. Comparison of mRNA and protein levels in brains of high and low alcohol consuming mice led us to a bioinformatic examination of potential regulation by microRNAs of an identified candidate transcript, Gnb1 (G protein beta subunit 1). We combined our current analysis with our earlier work identifying candidate genes for the alcohol consumption trait in mice, rats and humans. Our overall analysis leads us to postulate that the activity of the GABAergic system, and in particular GABA release and GABA receptor trafficking and signaling, which involves G protein function, contributes significantly to genetic variation in the predisposition to varying levels of alcohol consumption.
Introduction
Alcohol use disorders exact a large toll on society in terms of morbidity, mortality and economic losses (American Psychiatric Association, 1994; Hasin et al., 2007; McLellan et al., 2000 ; US Department of Health and Human Services, 2000) . Alcohol use disorders can be characterized as pharmacogenetic disorders, since problems arise from an interaction of a xenobiotic with an organism, and the organism's response to the xenobiotic (ethanol) is determined almost equally by genetic and environmental factors. The CNS responses to ethanol (phenotypes) encompass acute and chronic toxicity, quantity of alcohol consumed, tolerance and physical dependence (Ehlers et al., 2010; Grant et al., 1988; Kril et al., 1997; Leeman et al., 2010; Tabakoff et al., 1986; Tabakoff and Hoffman, 2000) . It is of value to consider these (and other) phenotypes separately when searching for either their biological or environmental determinants. Many studies blur the important distinctions between alcohol-related phenotypes, and such studies lead to confusion rather than clarification of the etiology of the various components of alcohol use disorders. At this point, it is also necessary to clarify the fact that the title of this manuscript does not reflect an oversight of alcohol use disorders in females. There is significant evidence in mice and humans for differences between males and females with regard to alcoholrelated behavior and toxicity (Barker et al., 2010; Blednov et al., 2005; Devaud et al., 2006; Eagon, 2010; Schulte et al., 2009; Strong et al., 2010 ). Since we have not completed our studies with females, we should not attempt to extrapolate from the studies on males reported here to the determinants of alcohol use disorders in women.
In our current study, we focus on the genetic determinants of voluntary alcohol intake levels in non-dependent animals. Levels of alcohol intake do correlate positively with the incidence of alcohol dependence (Dawson et al., 2008) , but, if nothing else, it immediately becomes obvious that drinking levels are a continuous variable, while alcohol dependence, as it is currently defined (American Psychiatric Association, 1994; Hasin et al., 2006) , is a categorical diagnosis. Voluntary alcohol intake levels certainly do not reflect the severity of neuroadaptations which affect the magnitude of withdrawal signs in animals . Furthermore, we would posit that even if the negative reinforcing effects of ethanol can drive alcohol intake in a dependent animal (Koob and Le Moal, 1997) , the study of voluntary alcohol intake in a non-dependent animal does not shed light directly on the mechanisms or consequences of alcohol dependence.
Lest we convince the reader that what we will describe is irrelevant to the societal problems that emanate from alcohol dependence, we only have to state that without the intake of alcohol there would be no alcohol dependence, that the propensity for alcohol dependence is related to the quantity of alcohol consumed, and that many societal problems with alcohol do not relate only to dependent individuals (e.g., violence and accidents, etc. while under the influence).
Thus, what are the biological, and particularly the geneticallyinfluenced, predisposing factors to high or low levels of alcohol consumption by males? The experimental approaches many times used in studies of the neurochemical/molecular basis for proclivity to drink alcohol by non-human species, and particularly rodents, have been directed specifically at examining the function of one or another receptor, effector or metabolic enzyme. On the other hand, the assessments of the contributions of genetic loci to alcohol drinking behavior have proposed a minimum of 4 genetic loci in mice and rats (Belknap and Atkins, 2001; Crabbe et al., 2010) , and certainly more "genes" which contribute to the genetic variance (approximately 50% of total variance) associated with an animal's level of voluntary ethanol consumption. To address this issue, it has been proposed that a "systems" approach is more appropriate to study polygenic ("complex") traits such as alcohol preference. The introduction of "genetical genomics" (Jansen and Nap, 2001; Schadt et al., 2003) , and the utilization of genetical genomics with the more classical behavioral QTL approaches (Bystrykh et al., 2005; Chesler et al., 2005; Hu et al., 2008; Hubner et al., 2005; Tabakoff et al., 2008 Tabakoff et al., , 2009 , has resulted in a process by which systems genomics can be applied to the examination of the etiologic factors contributing to complex behavioral (or other clinical) phenotypes.
We have used the genetical genomic/phenomic approach to examine the genetic determinants of alcohol preference in male mice. Specifically, we first identified QTLs for the alcohol drinking paradigm designated "drinking in the dark" (Rhodes et al., , 2007 , using the LXS panel of recombinant inbred (RI) mouse strains (Williams et al., 2004) . We then used microarray analysis to determine transcripts that were physically localized in the QTL and/ or had expression QTL (eQTL) (Jansen and Nap, 2001 ) that overlapped the alcohol drinking QTL, and that were differentially expressed in brains of mice that display high and low alcohol drinking behavior. The combination of the results from this approach, with results from previous genetical genomic/phenomic and genetic studies of rats and humans, respectively (Tabakoff et al., 2009 ), led to identification of candidate brain signaling systems that predispose to quantitative variation in alcohol consumption in mice, rats and men.
Materials and methods

Alcohol consumption by LXS recombinant inbred mice
Mice
The LXS recombinant inbred panel was generated from a cross between Inbred Long Sleep (ILS) and Inbred Short Sleep (ISS) mouse strains (Williams et al., 2004) . Animal breeding and behavioral testing were conducted in the specific pathogenfree facility at the Institute for Behavioral Genetics, Boulder, CO. At 25 days of age, mice were weaned, and transferred to sex-specific cages. Prior to testing, mice were maintained on a normal 12-hour light/dark cycle, and were given food and water ad libitum.
Alcohol consumption ("Drinking in the dark", DID)
"Drinking in the dark" is a paradigm that makes use of the rodent's normal patterns of eating and drinking, which occur during the nocturnal period. Mice are given limited access to an alcohol solution at the beginning of this dark period. We used male mice from 38 LXS RI strains (median n ¼ 9, <4 in LXS23 and LXS32 and 4e15 per strain in remaining strains), ILS and ISS mice (n ¼ 7 and 15, respectively), as well as C57BL/6J and DBA 2/J mice (n ¼ 25 and 10, respectively). One week prior to testing, animals (60e80 days old) were individually housed in a room set on a reverse light:dark cycle. After this week of acclimatization, mice were weighed one hour prior to lights out (0830), on each of three consecutive test days. Four hours after lights out (1230), water bottles were replaced with 10 mL drinking tubes containing 20% ethanol (v/v in tap water). Two hours after introduction of the alcohol-containing drinking tube (1430), the tubes were removed, the fluid levels were recorded, and the tubes were replaced with water bottles. Alcohol intake was calculated in g/kg for the two-hour interval on day 3, since alcohol intake has been shown to stabilize after the second day of DID testing .
All procedures followed the National Institutes of Health (NIH) guide for the care and use of laboratory animals, and were approved by the University of Colorado, Boulder, Institutional Animal Care and Use Committee (IACUC). All efforts were made to minimize animal suffering, and to utilize in vitro techniques, as required by IACUC protocols.
LXS genotyping
SNP information on the LXS RI panel was collected by Dr. Gary Churchill and colleagues at The Jackson Laboratory using the Affymetrix Mouse Diversity Genotyping Array. Of the 314,865 SNPs retrieved, 40,158 SNPs indicated differing homozygous genotypes between parental strains (ILS and ISS), had a valid homozygous genotype call for more than 95% of the 38 LXS RI strains with DID information, and had a valid dbSNP identifier. These SNPs represent 3,663 unique strain distribution patterns (SDP) among the 38 RI strains.
QTL mapping
QTL mapping was executed using a weighted marker regression (Carlborg et al., 2005) on strain means for day 3 alcohol intake. Genome-wide p-values were calculated empirically through permutations limited to unique SDP (Churchill and Doerge, 1994) . Confidence intervals for QTL location are represented by an 80% Bayesian credible interval (Sen and Churchill, 2001 ). All calculations were executed in the R/qtl package of R statistical software (Broman et al., 2003) .
Gene expression measurements
Mice
High and low alcohol drinking mice were selected for brain gene expression comparison based on their differences in the DID phenotype and/or a 24-hour access/2-bottle choice paradigm . Based on our data, the two parental strains of the LXS panel (ILS and ISS) differ significantly in DID (p ¼ 0.003), as do the C57BL/6J and DBA/2J mice (p ¼ 1.0 Â 10 À6 ). Others have shown a similar result for C57BL/6J and DBA/2J mice (Rhodes et al., 2007) . Both strain pairs, ILS vs ISS mice and C57BL/6J vs DBA/2J mice, have also shown significant differences in alcohol consumption in the 24-hour access/2-bottle choice paradigm (Bennett and Carosone-Link, unpublished data). Six alcohol-naïve adult male C57BL/ 6J and DBA/2J mice were obtained from The Jackson Laboratory (Bar Harbor, ME), and five alcohol-naïve adult male ILS and ISS mice were obtained from the Institute for Behavioral Genetics in Boulder, CO for brain gene expression measurements.
Additionally, three replicate selected lines of high alcohol-preferring (HAP) and low alcohol-preferring (LAP) mice were obtained from Indiana University School of Medicine (Dr. Nicholas Grahame). Each independently selected line was generated by selective breeding for alcohol preference in a 24-hour/2-bottle choice paradigm from heterogeneous stock mice (Grahame et al., 1999) . Four to six adult alcoholnaïve male mice from each replicate line (HAP1/LAP1, generation 24; HAP2/LAP2, generation 19; HAP3/LAP3, generation 13) were included in our gene expression experiments.
Microarray processing for measuring gene expression
Mice were sacrificed using CO 2 exposure and whole brains were quickly removed, frozen on dry ice, and kept at À70 C until RNA extraction. Brains were divided sagittally and total RNA was extracted from the left half of the brain of each mouse using the RNeasy Midi kit (Qiagen, Valencia, CA) and the RNeasy Mini kit (Qiagen) for cleanup. cDNA from the brain of each individual mouse was hybridized to a separate Affymetrix GeneChip Ò Mouse Genome 430 2.0 array (Affymetrix, Santa Clara, CA) as previously described (Saba et al., 2006) .
Statistical analysis
Prior to normalization, probes of poor integrity were eliminated from further analysis. Poor integrity probes include probes that did not match the mouse genome exactly, matched the genome in more than one place, or contained a known SNP (see Hoffman et al., 2010 for more details). Overall, 111,297 (22%) probes were eliminated and 3657 (8%) probesets were removed entirely from the analysis.
Data for each pair of strains/lines were normalized and summarized into probesets separately using RMA (Irizarry et al., 2003) . All arrays were examined for quality, and arrays that did not meet our standards were eliminated from further analysis (see Saba et al., 2006 for more detail on quality control standards).
Statistical analysis of differential expression was limited to probesets that were either located in one of the QTLs identified for DID in the LXS panel, or that had an eQTL whose maximum LOD score was within the QTLs identified for DID. Differential expression was calculated using the empirical Bayes method outlined in Smyth (2004) . A false discovery rate was applied to account for multiple testing (Benjamini and Hocberg, 1995) . eQTLs were calculated from the BXD recombinant inbred panel, using data obtained from the same Affymetrix microarray (Hoffman et al., 2010) and these data are available on http://Phenogen.ucdenver.edu.
Protein expression analysis
The only transcript that was differentially expressed (see Results) in all groups of high and low alcohol consuming animals was Gnb1 (guanine nucleotide binding protein (G protein), beta 1 subunit), but the differences in the expression of Gnb1 mRNA were not in the same direction across all high alcohol consuming and low alcohol consuming pairs. Therefore, we analyzed the protein levels of Gb1 in brains of C57BL/6J, DBA/2J, HAP1, LAP1, ISS and ILS mice. Mice were sacrificed with CO 2 , brains were removed, and homogenates (1600xg supernatants) were prepared and subjected to immunoblotting as previously described (Snell et al., 1996) by calculating a ratio of the Gb1 to b-actin or b-tubulin. Statistical significance of differences between strains was determined with a one-sample t-test on the ratios of Gb1/loading control levels between the high and low alcohol-consuming mice.
MicroRNA target prediction
The transcript and protein level results for Gnb1 and Gb1 were consistent (i.e., same directionality of differences) across the C57BL/6J vs DBA/2J, and HAP1 vs LAP1comparisons, however, the results for mRNA and protein were in opposite directions in the ILS vs ISS mice (see Results). Therefore, we utilized available bioinformatics programs to assess Gnb1 transcript characteristics and to investigate potential microRNA involvement in the translation of Gnb1 mRNA to protein.
We used the University of California Santa Cruz Genome Browser (Rhead et al. 2010 ) and their compilation of genes based on RefSeq, UniProt, GenBank, CCDS, and comparative genomics to identify transcripts for Gnb1. To examine the possible presence of microRNA target sites in the Gnb1 mRNA, seven different computational prediction software packages were applied to the 3 0 -UTR of Gnb1: DIANA microT v3.0 (Maragkakis et al., 2009) ; http://diana.cslab.ece.ntua.gr/microT/), ElMMo release 3 (Gaidatzis et al., 2007) ; http://www.mirz.unibas.ch/ElMMo3/), microRNA.org (Betel et al., 2008) ; http://www.microrna.org/), PicTar (Krek et al., 2005) ; http://pictar.mdc-berlin.de/), MicroCosm (Griffiths-Jones et al., 2008) ; http://www.ebi.ac.uk/enright-srv/microcosm/ cgi-bin/targets/v5/search.pl), PITA (Kertesz et al., 2007) ; http://genie.weizmann.ac.il/ pubs/mir07/mir07_dyn_data.html), TargetScan (Friedman et al., 2009) , http://www. targetscan.org/). Because of the high false positive rate of individual programs to predict miRNA targets, we looked for a consensus among the programs. All programs were run using default values, except for PITA where "Minimum seed conservation" was set to 0.1 to minimize the output. For EIMMo, results were filtered so that the "Expected score" was at least 0.3.
Results
Alcohol consumption
Analysis of variance showed a significant effect of strain (p < 0.0001; r 2 ¼ 0.36) on alcohol intake ( Fig. 1 ) by the LXS RI panel.
ISS mice consumed more alcohol than any other strain, and as predicted by previous research (Rhodes et al., 2007) , C57BL/6J mice drank more than DBA/2J mice. In one RI strain (LXS28), none of the mice drank any ethanol at all on day 3, thus this strain is represented by a mean of 0 and a standard error of 0 in Fig. 1 .
QTL mapping
Four QTLs exceeded a LOD threshold of 2.5 ( Fig. 2) . Of the four QTLs, 2 had suggestive genome-wide p-values (Lander and Kruglyak, 1995) (p < 0.67)). Lander and Kruglyak proposed a LOD threshold of 1.9e2.8 for "suggestive" QTLs in a genome wide analysis, while Van Ooijen (1999) proposed a LOD threshold of 2.1 for suggestive QTLs in a recombinant inbred panel. As noted by Lander and Kruglyak (1995) , a merely suggestive QTL may point to an important genomic region deserving investigation. Furthermore, although these QTLs did not meet strict standards for statistical significance (Lander and Kruglyak, 1995) , all four QTL regions have been previously implicated in alcohol consumption in the two-bottle choice paradigm (Table 1 ; Belknap and Atkins, 2001; Bice et al., 2009; Tabakoff et al., 2009) . Therefore, these QTLs can be considered as a confirmation of previous work, which reduces the probability that they represent false positive results.
Differentially expressed transcripts
Of the 41,380 probesets (16,425 known protein coding regions; 11,317 of these expressed in brain) available on the Affymetrix GeneChip Ò Mouse Genome 430 2.0 array after the masking procedure, 4687 probesets (2081 known protein coding regions) were either physically located in a DID QTL (n ¼ 4279) and/or had a significant eQTL (p < 0.10) within one of the DID QTL (n ¼ 836). Of the 836 probesets which represented transcripts with eQTLs within bQTLs, 428 transcripts were the products of genes located within the bQTLs (potentially cis eQTLs). When the 4687 probesets were examined for differential expression among inbred strains and selected lines, the comparison of C57BL/6J to DBA/2J yielded the largest number of differentially expressed (DE) probesets (1394). ISS and ILS strains had only 174 probesets with expression levels that differed significantly between the two strains. There were similar quantities of DE probesets between HAP1 and LAP1 mice (n ¼ 753) and HAP2 and LAP2 mice (n ¼ 719). The HAP3 and LAP3 mice had only 18 probesets that reached statistical significance for differential expression. It is likely that selection is not complete within this pair (Grahame et al., personal communication) , but the genes that are differentially expressed early in selection are likely to contribute substantially to the selected trait.
Only one probeset was differentially expressed in all five pairs, i.e., guanine nucleotide binding protein (G protein), beta 1 subunit (Gnb1) (FDR < 0.01). Gnb1 is physically located on chromosome 4 near 155 Mb and has a significant eQTL (cis eQTL) in the same region. In four of the five pairs, Gnb1 expression had an inverse relationship with alcohol consumption (i.e., higher mRNA levels in the group that consumed less alcohol). In contrast, in the ISS and ILS comparison, Gnb1 was expressed at a higher level in the ISS strain, which also had the higher alcohol consumption (Fig. 3A) . We examined expression measures for individual probes within the probeset for Gnb1 and all probes indicated a similar magnitude and direction of difference between the tested animals (data not shown).
Protein expression analysis
When we compared brain protein levels (Gb1) between three pairs of low and high alcohol consuming mice, the greatest difference was between HAP1 and LAP1 mice (Fig. 3B) . The direction of difference in protein levels (higher in LAP1 mice) was the same as the direction of difference between transcript levels in these selectively bred animals. The same concordance in the direction of difference in transcript and protein levels was seen in inbred C57BL/6J vs DBA/2J mice, but, in our analysis, the difference in protein levels was more modest (30% higher in brains of DBA/2J Fig. 1 were used in a weighted marker regression to identify QTL for DID. The figure insert includes further information on all peaks with a LOD score greater than 2.5. Table 1 Comparison of Drinking in the Dark QTLs to Previously Published QTLs for Alcohol Consumption in the Two-Bottle Choice Paradigm. For the two-bottle choice QTL on chromosome 1, the Mb locations were determined from the physical location of the peak SNP (rs13476012) and extended 50 Mb on either side (50 Mb is approximately equal to 20 cM on chromosome 1 according to http://cgd.jax.org/mousemapconverter/ (Cox et al., 2009) Table 2 List of candidate genes which influence levels of alcohol consumption in mice, rats and humans. This list was compiled from the candidate genes derived from genetical genomic/phenomic studies with mice and rats ( (Tabakoff et al., , 2009 ) and current manuscript) and with humans in a genetic association study with levels of alcohol consumption as the phenotype (Tabakoff et al., 2009 ).
Correlation with drinking Gene symbol Gene name Description
Genes Identified in Mice (in Fig. 5 , the information in red denotes the genes whose protein products are included). À Gnb1 Guanine nucleotide binding protein, b1
A component of the trimeric G protein complex activated by GPCRs and can also act independently as an intracellular signaling molecule (Blackmer et al., 2005; Dupre et al., 2009; Smrcka, 2008 
The C1q family proteins have recently taken on a new role due to their location in the CNS: they have been shown to be involved in formation and stabilization of synaptic contacts and in regulation of endocytosis (Iijima et al., 2010; Matsuda et al., 2010; Yuzaki, 2008 
The C1q family proteins have recently taken on a new role due to their location in the CNS: they have been shown to be involved in formation and stabilization of synaptic contacts and in regulation of endocytosis (Iijima et al., 2010; Matsuda et al., 2010; Yuzaki, 2008) This enzyme is responsible for ubiquitination of proteins targeted for proteasome-dependent degradation. The ubiquitination catalyzed by UBE2J2 can be on lysine or serine residues of the target protein (Wang et al., 2009a) .
Genes Identified in Rats (in Fig. 5 , the information in blue denotes the genes whose protein products are included). þ Afap 1l1 Actin filament associated protein 1 like The actin filament associated proteins interact with dynamin to promote endocytosis and also transduce mechanical stretch into c-src protein tyrosine kinase activation (Han et al., 2004) mice, n ¼ 5 mice/strain). In our initial analysis of ILS and ISS mice, the difference in Gb1 levels was similar to that seen in C57BL/6J and DBA/2J mice, but in this case, the direction of difference in protein levels (37% higher in ILS mice, n ¼ 2 mice/strain) was in the opposite direction to the difference in transcript levels, which was higher in ISS mice. Therefore, the transcript levels and the protein levels in brains of ISS and ILS strains contradict the simple hypothesis that a difference in transcript levels will be directly translated to a difference in protein levels. However, in all cases, there is an association between higher levels of Gb1 protein and lower levels of alcohol consumption.
Gnb1 transcript isoforms
The bioinformatic analysis identified four mouse Gnb1 transcripts. In addition to 2 alternatively spliced exons, another feature that distinguishes transcripts is the presence of either a long or short version of the 3 0 -untranslated region (UTR). Two transcripts have the long 3 0 -UTR, and the other two have the short 3 0 -UTR (Fig. 4) . The Affymetrix probeset that was differentially expressed (1454696_at) interrogates an area of the 3 0 -UTR that is only present in the long form of the 3 0 -UTR (Fig. 4) . We also looked for a polyadenylation signal (AAUAAA) within the entire 3 0 -UTR, and found two alternative predicted polyadenylation sites that correspond to the ends of the two forms of the 3 0 -UTR (Fig. 4) .
To investigate the possibility of SNP(s) in the 3 0 -UTR that may impact the translation of specific transcripts of Gnb1, we retrieved data from the Imputed Genotype Resource at the Center for Genome Dynamics at The Jackson Laboratory (Szatkiewicz et al., 2008) . We specifically looked for genotyped SNPs in the long version 3 0 -UTR of Gnb1 (Chr 4:154,931,386e154,933,376 bp). Four SNPs were located in this region (rs33181478, rs33181481, rs33182374, and rs33182377). All four had been genotyped directly in the C57BL/6J and DBA/2J strains, but not in the ILS and ISS strains. The C57BL/6J and DBA/2J strains had identical genotypes for all four SNPs. The ILS imputed genotypes were identical to the C57BL/6J and DBA/2J strains (posterior probabilities from 32% to 45%), but the imputed genotypes for the ISS strain were different for all four SNPs (posterior probability of 97% for all four). Although this data set does not provide information on all possible SNPs, and therefore, cannot necessarily identify a functional SNP, it does indicate that ISS has a haplotype in this region that differs from not only ILS, but also from C57BL/6J and DBA/2J. If a SNP did fall within a microRNA binding site, or close enough to the binding site to prevent normal translational control by that microRNA, differences in stability or translation of that particular transcript may occur.
MicroRNA binding site prediction
In the area that differed between the long and short versions (Chr 4:154,931,836e154,933,376 bp) of the 3 0 -UTR in Gnb1 mRNA, mmumiR-218 had a predicted target in the same location across four of the seven software prediction algorithms (154,932,298e154,932,304 bp) . In addition, mmu-miR-101a/mmu-miR-101b also had a predicted target in the Chromosome 4: 154,931,836e154,933,376 region across five of the seven software packages (154,933,336e154,933,342 bp) . In the more proximal portion of the 3 0 -UTR of the Gnb1 transcript (i.e., the portion which would be present in all four transcript forms of Gnb1), mmu-miR-218 had an additional predicted target in the same location across three of the seven software packages (154,931,721e154,931,749 bp). Important in development of telencephalon and astrocyte proliferation. In adult, Fgfr2 is of substantial importance in maintaining the pool of dividing CNS progenitor cells in the sub-ventricular zone (Zheng et al., 2004) Genes Derived from Genetic Association Studies with Humans (phenotype of quantitative measure of alcohol consumption g/kg/day) (in Fig. 5 , the information in green denotes the genes whose protein products are included). GAD1 Glutamic acid decarboxylase 1 This gene codes for the 67 kD form of glutamate decarboxylase which is the enzyme that synthesizes GABA from glutamate. There is also another gene that codes a 65 kD form of GAD. GAD67 is constitutively active and responsible for basal GABA production while GAD65 is activated in response to neurotransmission (Wei and Wu, 2008 ) MPDZ Multiple PDZ domain protein Also known as MUPP1, this is a scaffolding protein shown to promote activation of G i by GPCRs. MUPP1 associates with the GABAB receptor subunit 2 and controls receptor stability at synapse (Balasubramanian et al., 2007) 
CHRM5
Muscarinic cholinergic receptor 5
These are GPCRs coupled primarily to Gq proteins which act to generate depolarization through inhibition of K þ channels and activation of phospholipase C. Located on brainstem DA neurons (among others) (Brown, 2010) and considered as target for drug abuse medication (Raffa, 2009) 
GABRB2
GABAA receptor subunit b2
The b2 subunit of the GABAA receptor is a critical component of this pentameric receptor gated ion channel complex. The b subunits are part of the ion gating mechanism and are also critical for surface expression and endocytosis of the GABAA receptor. Membrane expression of GABAA receptors is in large part controlled by phosphorylation-dependent interactions of the b subunits with the AP2 clathrin adaptor protein complex (Kumar et al., 2009; Stephenson, 2006 (Onn et al., 2008) 
Discussion
Prior QTL analyses of the quantitative phenotypes of alcohol intake and alcohol preference in mice have used a number of substrates, including F2 populations derived from selectively bred animals, inbred mice or panels of recombinant inbred mice derived from two spontaneous mutation-derived inbred progenitor strains (Bice et al., 2009; Crabbe et al., 2010) . The LXS recombinant inbred (RI) panel of animals is, on the other hand, originally derived from a heterogeneous stock of mice which were produced by purposeful cross-breeding of eight inbred strains (Williams et al., 2004) . The LXS RI panel, compared to other currently available RI mouse panels, contains a much broader representation of polymorphisms which are an inherent part of the mouse genome and can contribute to the alcohol intake phenotype. We could expect to see evidence of the influence of these yet unexplored polymorphisms in an alcohol intake measure and a QTL analysis using the LXS RI panel of animals. Fig. 4 . Description of 3 0 -Untranslated Region of Gnb1. Two versions of the 3 0 -UTR region of Gnb1 are predicted among the 4 different Gnb1 transcripts. The Affymetrix probeset that indicated differential expression between all groups of high-and low-alcohol consuming mice is shown in dark blue. Predicted polyadenylation sites (AAUAA) are shown in green, along with the area of the 3 0 -UTR predicted to bind to the microRNAs miR-101a/b and miR-218 (in red). Sites of SNPs predicted to differ between ISS and three other inbred strains (ILS, C57BL/6J, and DBA/2J) are also marked in purple. This graphic was generated using tools available with the UCSC Genome Browser (Kent et al., 2002) . . The bottom figure shows quantitation of Gb1 protein levels in the brains of 4 HAP1 and 4 LAP1 mice, 5 C57BL/6 and 5 DBA/2 mice, and 2 ILS and 2 ISS mice (mean AE SEM). On each blot, tissue from one or two mice from each strain or line was assayed and data for the high alcohol consuming mice were calculated as a % of the value for the low alcohol consuming mice. Because the western blots were paired, no standard error is shown for the low alcohol consuming mice (i.e., in each case, the value for the low alcohol consuming mice was set to 100%). * FDR < 0.01 (transcript expression); *p < 0.01,
The phenotype of alcohol intake in mice has usually been measured using a procedure which allows for 24 h access to two containers, where one container is filled with an ethanol solution and the other with water ("two-bottle choice paradigm") . More recently, a robust measure of differences in alcohol intake has been introduced which takes advantage of a rodent's normal diurnal cycle and offers alcohol over a two-hour period at the early part of the daily dark cycle. This procedure has been termed "drinking in the dark" (DID) (Rhodes et al., , 2007 .
An initial study of the behavioral QTLs associated with DID used a cross between C57BL/6J and FVB/NJ mice . The analysis of 600 F 2 mice from this cross produced evidence for a QTL on mouse chromosome 11. Comparing these QTL results with the results obtained with the LXS mice underscores the importance of genotype and examined phenotype in the results one obtains in a QTL analysis. The DID phenotype measured in the studies of Phillips et al. (2010) was obtained with mice that had already consumed ethanol for 20 days, were withdrawn from access to ethanol for 24 h and then tested for DID. In contrast, we were interested in a genetic predisposition to an inherent initial level of alcohol consumption, rather than a phenotype which includes periods of prior ethanol exposure and withdrawal. We did not find a suggestive or significant QTL on Chromosome 11 for the phenotype of DID as measured in our paradigm. When we compared the QTLs we calculated for DID in our studies (Table 1) , with QTLs previously reported for alcohol drinking levels measured in paradigms that do not include an extensive period of prior ethanol exposure, we found overlaps with QTLs identified for quantities of alcohol consumed in the two bottle choice paradigm. The QTLs we identified on chromosomes 2 and 4 were similar to those noted by Belknap and Atkins (2001) to be significant and replicable across eight independent studies using the two bottle choice paradigm with populations of mice derived from C57BL/6J and DBA/2J strains. The QTL we identified on chromosome 1 was also noted in the metaanalysis performed by Belknap and Atkins (2001) to be significant, but this locus was not consistently found in all of the examined studies. However, a more recent QTL analysis of alcohol intake in the two bottle choice paradigm using an F2 population derived from HAP and LAP mouse progenitors again identified a significant QTL on chromosome 1 in the same region as identified by our work and in the meta-analysis by Belknap and Atkins (2001) . The HAP and LAP mice were selectively bred from the same heterogeneous stock as the ISS and ILS mice, which are the progenitors of the LXS RIs used in our current study. The QTL that we identified on mouse chromosome 19 had not been previously identified in mouse studies of DID or the two bottle choice paradigm. However, we have recently completed a study of alcohol intake by rats (HXB/BXH RI panel) using the 24 h access, two bottle choice paradigm, and found a QTL on chromosome 1 of the rat at 213e228 Mb (Tabakoff et al., 2009 ). Interestingly, this region is syntenic with the QTL region on chromosome 19 of the mouse (11e35 Mb).
As satisfying as it is to find regions of a genome that may be contributing to a particular phenotype, or what can be considered "genetically correlated" phenotypes, the question arises as to the identity of the "genes" within the QTL intervals which predispose to a particular trait. If one examines the four chromosomal locations which we identified as QTLs for DID with LXS RI mice, one finds that there are 4020 protein coding regions in these intervals.
There are two major ways in which genotype can influence phenotype. One is a polymorphism which directly affects the biological function of a "gene" product, and the other is a polymorphism which affects the transcription of RNA from the DNA template, or the stability or translational efficiency of the mRNA. Thus, measures of RNA quantity or sequence can be used as intermediate phenotypes in determining the path between DNA sequence and a quantitative phenotype such as alcohol intake. In the current work, we adopted the premise that if a particular "gene" is contributing to the phenotype of interest, then we should find differences in the expression of mRNA for that "gene" between high alcohol drinking and low alcohol drinking mice. An important caveat would, of course, be that such a differentially expressed gene would have to be physically located within a QTL for the trait of alcohol drinking, and/or that the regulation of the quantity of transcript would have to be mediated by a genomic region located within the trait QTL (i.e., the transcript's eQTL would have to be within the bQTL region associated with alcohol drinking). We examined the progenitors of the populations that were used in the QTL meta-analysis for high and low alcohol intake performed by Belknap and Atkins (2001) (i.e., C57BL/6J and DBA/2 mice), the progenitors of the population used for alcohol intake QTL analysis by Bice et al. (2009) (i.e., the HAP1 and LAP1 mice) and the ISS and ILS mice that are the progenitors of the LXS RI panel used in the current studies, for levels of gene expression in brain. We also added the HAP2/LAP2 and HAP3/LAP3 animals, which are a result of replicate selection experiments using the identical selection paradigm (high and low alcohol intake in the two bottle choice paradigm) as was used for the selection of the HAP1 and LAP1 mice (Chester et al., 2003; Grahame et al., 1999) . If a subset of genes is important in determining the trait for which the HAP1 and LAP1 animals were selected, one would expect that selective pressure would result in the segregation of at least some of the same alleles in the HAP2 and HAP3 versus the LAP2 and LAP3 mice.
We found only one transcript that was localized within a QTL for DID (and had an eQTL within this same region), and that was differentially expressed in brains of all five pairs of high and low alcohol consuming mice (C57BL/6J vs DBA/2J; HAP1 vs LAP1; HAP2 vs LAP2; HAP3 vs LAP3 and ISS vs ILS). That transcript (Gnb1) codes for the b1 subunit of the guanine nucleotide binding proteins, which transduce signals from G protein coupled receptors (GPCRs). A surprising observation was that although the transcript level for Gnb1 was higher in the brains of the low alcohol drinking mice in 4 of the pairs (DBA/2J, LAP1, LAP2, LAP3), in the ISS/ILS pair, higher levels of Gnb1 mRNA were found in the ISS mice, which consume more ethanol than the ILS mice. We therefore measured Gb1 protein levels in brains of C57BL/6J, DBA/2J, HAP1, LAP1 and ISS, ILS mice. We found that Gb1 protein levels were in all cases higher in the brains of the low alcohol consuming mice (DBA/2J, LAP1 and ILS).
To explain why the levels of mRNA for Gnb1 do not consistently reflect Gb1 protein levels, we examined the DNA sequence of Gnb1. When one examines the genomic sequence in the region of the 3 0 -UTR of Gnb1 in the various pairs of mice, one finds that the ISS mice have a different haplotype in this region compared to other mice that we used for measures of brain RNA levels. The 3 0 -UTR of a transcript is an important region for control of stability and translational efficiency of that transcript (Bolognani and PerroneBizzozero, 2008; Danckwardt et al., 2008) . A significant amount of processing of the 3 0 -UTR takes place prior to the addition of the polyA tail, and translocation of the polyA mRNA out of the nucleus (Danckwardt et al., 2008; . We noted that the Gnb1 transcript contains two sites in the 3 0 -UTR that serve as binding sites for the protein complex that truncates the 3 0 -UTR and adds the polyA sequence ). Our analysis is consistent with available data that two types of transcripts are generated from the Gnb1 gene (Fig. 4) . One type of transcript has a short 3 0 -UTR sequence prior to the polyA sequence, and one has a long 3 0 -UTR sequence prior to the polyA sequence. If one maps the location of the Affymetrix probes that we used to interrogate the Gnb1 transcript, one finds that the probes target the long form of the 3 0 -UTR (Fig. 4) . Therefore, the low alcohol consuming DBA/2J mice have more of this form of Gnb1 mRNA than the C57BL/6J mice, and the low alcohol consuming LAP mice have more of this form than the HAP mice. However, the ILS mice, which have more Gb1 protein in their brain and drink less alcohol than the ISS mice, have less of the Gnb1 transcript with the long 3 0 -UTR.
A search for microRNA (miRNA) binding sites in the long version of the 3 0 -UTR region of Gnb1 revealed probable binding sites for two miRNAs (miR-101a/b and miR-218). These microRNAs have been shown to destabilize mRNA and reduce the translation of mRNA into protein (Fabian et al., 2010; Sempere et al., 2004; Simion et al., 2010; Vilardo et al., 2010) . One can speculate that since the sequence of the 3 0 -UTR of the ISS mice is different from that of the other mice used in our studies, the ISS Gnb1 mRNA would bind the miRNAs with higher affinity and, even though there is more mRNA produced in the ISS mouse brain than the ILS brain, the poorer stability/translation of the ISS mRNA would generate less Gb1 protein (consistent with our results). While this possible scenario does not directly involve an interaction of ethanol with miRNAs, it may be of interest to note that miRNAs have recently been implicated in several alcohol-related phenomena, including alcohol tolerance, alcohol-induced teratogenesis and alcoholinduced gastrointestinal disease (Miranda et al., 2010; Wang et al., 2009b; Pietrzykowski et al., 2008) .
Is the Gb1 protein the singular genetic determinant of alcohol drinking in male mice? Our own estimates of the contribution of Gnb1 to alcohol intake indicate that variation in transcript levels for the Gb1 protein contribute between 13 and 20% to the overall genetic variance for the trait of alcohol drinking by mice derived from the C57BL/6J and DBA/2J progenitors (i.e., the BXD RI mice). Thus, there are more genetic determinants of alcohol intake than Gnb1. When we focused on pathways and used a systems approach to examine the relationship of differentially expressed genes that contribute to the trait of alcohol drinking in rats, as well as mice, and also examined genetic polymorphisms in Fig. 5 . Proposed Interactions among the Protein Products of Candidate Genes Identified as Contributing to Predisposition to Alcohol Consumption in Mice, Rats and Men. The figure depicts a GABAergic synapse in brain, with a presynaptic terminal that releases GABA onto a postsynaptic neuron (for example, a dopaminergic neuron in the VTA). The candidate genes and gene products associated with variations in non-dependent alcohol intake, that were identified using the genetic (human) and genetical genomic/phenomic approaches (rats and mice) described in the text, have been integrated into an overall system associated with modulation of presynaptic GABA synthesis and release, and postsynaptic GABA receptor responsiveness and trafficking. The function of each of the candidate gene products shown in this figure is described in Table 2 . Candidate genes identified with mice are indicated in red; candidate genes identified with rats are indicated in blue; and candidate genes identified in humans are indicated in green (Tabakoff et al., , 2009 ). the human genome that are associated with quantitative measures of alcohol intake (not alcohol dependence) (Tabakoff et al., 2009 ), we identified a neuro-signaling pathway that can accommodate most of the genes identified in mice, rats and men (Fig. 5) . This pathway, which was at the center of the work of Erminio Costa (1998), encompasses both presynaptic and postsynaptic elements of GABA signaling, and Gb1 fits into this system as an important component (Dupre et al., 2009; Smrcka, 2008) . For instance, our studies with humans identified a polymorphism in GABRB2 which was associated with levels of alcohol intake in men. Interestingly, associations between alcohol dependence and polymorphisms in the GABRB2 gene have been reported in Scottish, Finnish and Native American populations (Loh et al., 1999; Radel et al., 2005) . Our results were obtained in a population of Australian subjects.
GABRB2 is the b2 subunit of the GABAA receptor complex, which is composed of a, b and other (g, d, 3, q, p) subunits in a pentameric structure. The complex always has two b subunits (b 1 eb 3 ) and b 2 is the most common of the b isoforms found in GABAA receptors in brain (a 1 /b 2 /g 2 ) (Whiting et al., 1999) . A significant amount of work has been performed examining the effects of ethanol on GABAA receptor function (see review by Kumar et al., 2009 ), but in many of these studies, the specific role of the b 2 subunit in the propensity for alcohol intake by an animal has not been explored. The b 2 subunit of the GABAA receptor, and the b subunits in general, have been implicated in both pharmacologic and receptor trafficking components of GABAA receptor function. Chang et al. (2003) demonstrated that a change in a single amino acid in the transmembrane domain of the b 2 subunit can alter GABAA receptor activation by GABA, and modulation of this activation by general anesthetics. The b subunits of the GABAA receptor have also been noted to contain a dileucine motif that is integral for the b subunits' interaction with AP-2 adaptin protein which is part of the clathrindependent endocytotic process (Herring et al., 2003; Stephenson, 2006) . The coding region for this motif (Herring et al., 2003) is in the vicinity of the polymorphic SNP (rs0051667) which was used in our studies (Tabakoff et al., 2009 ) of the association of genetic polymorphisms and quantitative measures of alcohol consumption.
Mutation of the dileucine motif on the GABAA b 2 subunit significantly reduces receptor internalization and decreases GABAA receptor mediated Cl À currents in response to GABA (Herring et al., 2003) . If one examines Fig. 5 , it becomes obvious that one of the general differentiating features between high alcohol and low alcohol consuming animals is a multicomponent difference in the microfilament and dynamin endocytotic machinery. Thus, it may be a kinetic issue related to GABAA receptor endocytotic machinery that influences alcohol consumption, rather than any singular component of the endocytotic system.
How does the b subunit of the guanine nucleotide binding protein enter this picture of receptor endocytosis? As shown in Fig. 5 , activation of GPCRs, be they GABAB receptor, PAR2, CCK or muscarinic M5 receptors, can release Gbg subunits from their cognate association with Ga. The Gb1 subunit, in association with Gg, interacts with a number of effectors, two of which, PLCb and adenylyl cyclase (AC), generate the second messengers DAG, inositol tris-phosphate and cyclic AMP. These second messengers, in turn, control the activity of PKC and PKA isoforms. Both PKC and PKA can phosphorylate the GABAA receptor b subunit and alter the association of this subunit with the AP2 adaptin protein and, thus, the internalization of GABAA receptors (Song and Messing, 2005) . There is some controversy as to whether it is the phosphorylation of the GABAA receptor b subunit that promotes endocytosis (McDonald and Moss, 1997) or the phosphorylation of the AP2 adaptin protein, but in either case, the guanine nucleotide binding protein Gb1 can initiate the cascade which leads to the internalization of the GABAA receptor or other receptors.
Conclusions
What has struck us in our studies of the genetic regulation of the phenotype of alcohol consumption across species and strains (isogenic and selected), as well as different populations of humans (Tabakoff et al., , 2009 , is that a multitude of seemingly disparate genes are associated with this phenotype. If one attempts to understand a complex phenotype such as alcohol consumption in different species by comparing individual candidate genes or gene products, one finds seemingly unrelated results. However, if one goes a step further and organizes the identified genes and their products from all species, into biologically relevant systems, a concerted picture emerges. What we see from our studies is that the systems that influence GABA release and metabolism and GABA receptor responsiveness and trafficking, are critical in the expression of the quantitative phenotype of alcohol consumption. The point at which this process is influenced in different species or individuals seems less important than the overall level of function of the GABA signaling system. This hypothesis is speculative at this juncture, but we hope that our data support a certain level of curiosity and that we and others can use the results to perform additional work to affirm or reject this hypothesis.
